Reverse gyrase, found in hyperthermophiles, is the only enzyme known to overwind (introduce positive supercoils into) DNA. The ATP-dependent activity, detected at >70°C, has so far been studied solely by gel electrophoresis; thus, the reaction dynamics remain obscure. Here, we image the overwinding reaction at 71°C under a microscope, using DNA containing consecutive 30 mismatched base pairs that serve as a well-defined substrate site. A single reverse gyrase molecule processively winds the DNA for >100 turns. Bound enzyme shows moderate temperature dependence, retaining significant activity down to 50°C. The unloaded reaction rate at 71°C exceeds five turns per second, which is >10 2 -fold higher than hitherto indicated but lower than the measured ATPase rate of 20 s
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, indicating loose coupling. The overwinding reaction sharply slows down as the torsional stress accumulates in DNA and ceases at stress of mere ∼5 pN·nm, where one more turn would cost only sixfold the thermal energy. The enzyme would thus keep DNA in a slightly overwound state to protect, but not overprotect, the genome of hyperthermophiles against thermal melting. Overwinding activity is also highly sensitive to DNA tension, with an effective interaction length exceeding the size of reverse gyrase, implying requirement for slack DNA. All results point to the mechanism where strand passage relying on thermal motions, as in topoisomerase IA, is actively but loosely biased toward overwinding.
reverse gyrase | topoisomerase | magnetic tweezers | DNA overwinding | torsion R everse gyrase, discovered in 1984 in a hyperthermophilic archaeon Sulfolobus (1) which was later classified as Sulfolobus tokodaii (2) , is a unique DNA topoisomerase that can introduce positive supercoils into DNA (3) (4) (5) (6) (7) . The only other enzyme that has the gyration activity is DNA gyrase, which introduces negative supercoils. Although DNA gyrase belongs to type II topoisomerase, which changes the linking number (Lk) of dsDNA by two by cutting and religating both strands simultaneously, reverse gyrase is of type IA topoisomerase (topo IA), where one strand is cut to allow the passage of the other, resulting in the Lk changes in steps of one (3) (4) (5) (6) (7) . Reverse gyrase is found in hyperthermophilic archaea and eubacteria, and the positive supercoiling activity requires a temperature above 70°C (8, 9) . The enzyme is a 130-kDa single polypeptide, a fusion complex of two domains (10) : The carboxyl terminal half is related to topo IA, whereas the amino terminal half has an ATP-binding site and is akin to helicase, although neither the whole enzyme nor the isolated helicase-like domain shows genuine helicase activity (11) . A crystal structure of the full-length reverse gyrase (12) and more recent structures with additional features (13) all support the basic two-domain construct. The physiological roles of reverse gyrase are not yet fully clear, although positive supercoiling is expected to protect DNA from denaturation at the growth temperatures of hyperthermophiles.
Reactions of reverse gyrase have so far been analyzed in bulk assays on circular (plasmid) DNA. Basically, the enzyme only increases the Lk of DNA: relaxation of negatively supercoiled DNA, which does not require ATP and is rapid, and an ATPdependent slower introduction of positive supercoils (14, 15) . Single-stranded (ss) regions in DNA are required for binding and positive supercoiling (16, 17) . The supercoiling activity depends on the enzyme-to-DNA ratio, requiring a molar ratio of more than 10 for effective activity (15) . However, when an ss bubble (continuous base pair mismatches) or an AT-rich sequence more than 20 bp long was inserted in a DNA substrate, the positive supercoiling activity became detectable at substoichiometric ratios (17) . Positive supercoiling requires ATP, but the coupling appears loose in that many ATP molecules are hydrolyzed per introduced turn (18) .
The mechanism of positive supercoiling has been discussed on the basis of the two distinct topo IA and helicase-like domains and a "latch" in between that appears to lock the topo IA domain in a closed conformation (12) . Strand passage likely takes place in the topo IA domain, and the passage must somehow be biased toward overwinding with the energy supplied by ATP hydrolysis. The helicase-like domain alters its affinity for dsDNA and ssDNA depending on the bound nucleotide (7), hinting at how ATP hydrolysis is coupled. However, crucial information, such as the processivity, individual kinetics, and overwinding torque, is still scarce. The activity inferred from bulk studies is quite low (17, 18) , at most on the order of one superhelical turn per minute, which might be limited by the assay methods.
Motivated by recent single-molecule studies that have revealed the operation of various topoisomerases in real time (19) (20) (21) (22) (23) , we have observed the activity of purified reverse gyrase from S. tokodaii (4) under an optical microscope at 71°C (Fig. 1) . A magnetic bead was tethered to a glass surface with linear dsDNA. When reverse gyrase overwound the DNA, the bead rotated, or sank when rotation was constrained. Inclusion of an ss bubble in
Significance
Reverse gyrase resides in bacteria that live in hot conditions. The enzyme further intertwines the double helix of DNA to make it tighter. In biochemical assays, reverse gyrase appears quite inefficient, requiring many enzyme molecules per DNA and yet taking many minutes to wind it up. Here, we show that one reverse gyrase molecule rapidly overwinds relaxed DNA but begins to idle as torsion accumulates. Excess torsion would hamper replication/transcription activities, whereas quick restoration of modest torsion prevents thermal denaturation of DNA. We discuss how reverse gyrase lets one strand of DNA pass the other in a preferred direction to achieve overwinding. 
Results
Real-Time Observation of DNA Overwinding Activity. We prepared three kinds of linear DNA substrates, two with a bubble 30 nt long at different (middle and end) positions and one without a bubble ( Fig. 1A ; details in Fig. S1 ). One end of the DNA was attached to the coverslip surface through biotin-streptavidin linkages, and the other end was attached to a 1-μm magnetic bead through digoxigenin/antidigoxigenin antibody linkages. Small fluorescent beads were attached to the magnetic bead to facilitate observation of rotation. After infusing reverse gyrase in a medium containing 5 mM ATP and 10 mM MgCl 2 , the sample was set on an inverted microscope and the temperature was controlled to within ±1°C as monitored with a thermocouple placed next to the sample (Fig. 1B) .
We started an assay by searching at 50°C for a bead to be analyzed that satisfied the following conditions:
i) The number of fluorescent daughter beads had to be one or two for unambiguous tracing of rotation. ii) The magnetic bead had to be tethered by one unnicked DNA molecule. For this selection, we used a horizontal pair of magnets to pull the bead upward at 0.5-0.9 pN and rotated the bead for 30 turns in the overwinding (counterclockwise as viewed from above) direction. This operation should lower the bead (Fig. 1C) ; otherwise, the DNA is nicked. Rotation in the opposite (unwinding) direction, in contrast, should not lower the bead appreciably at this relatively high tension (24) , unless the bead is tethered by two or more DNA molecules. The latter unwinding test, however, was postponed until all measurements in an observation chamber were finished, because unwinding might lead to excess binding of reverse gyrase. In fact, we never encountered the case of multiple tethering because the surface density of DNA was low, such that only several beads were observed in the field of view measuring 49 × 65 μm 2 .
iii) The magnetic bead must be on a side of DNA in the horizontal field in test ii (Fig. 1C) , because we were to apply a vertical magnetic field for the reverse gyrase assay (Fig. 1D) . Thus, we selected a bead of which the center itself rotated along a large circular orbit, deselecting those beads that rotated only on their own axis. After the rotation test, we wound back the bead for 30 turns to relax the DNA. On average, one bead in ∼10 fields of view passed the three tests.
Once a candidate bead was found, we replaced the horizontal magnets with a vertical magnet (Fig. 1D ) to pull the bead upward at 0.5 pN while allowing free rotation. After confirming the bead to rotate (or to undergo rotational diffusion) nearly on its own axis, we turned on fluorescence excitation and started the observation for analysis for 5 min at 50(±1)°C, followed by another 5 min at a higher temperature and 5 min at 50°C again. At the end, we repeated test ii above. About 10% was found to be nicked by this time, and we discarded such data. We then searched for another bead in the same chamber, starting with test i above. Typically, one chamber was on the heating stage for 2-3 h, and not for more than 3 h, during which time three to 10 beads were recorded for detailed analysis.
Overwinding Activity Leads to Indefinite Rotations. At 71°C and with 10 nM reverse gyrase, beads tethered by the three different DNA substrates all rotated clockwise when viewed from above ( Fig. 2 ). This direction is as expected for overwinding of the right-handed DNA double helix by reverse gyrase, because the bead at the free end should rotate to relax the overwound state. At 10 nM enzyme, the rotation continued indefinitely: We never observed a conspicuous long (>100 s) pause except for complete cessation of rotation due to DNA nicking. Such an unlimited rotation is not possible with circular DNA (unless nicked).
The significant overwinding of the nonbubble DNA is accounted for by the presence of AT-rich sequences in the substrate (AT content per 20 bp reaches 80% or 85% in eight stretches each sized 20-35 bp). With the bubble, the rotation was much faster at 71°C: 0.23 ± 0.03 revolutions per second (rps) (mean ± SD for n = 8 beads; all errors in this paper are SDs) for midbubble and 0.27 ± 0.07 rps for end bubble (n = 11), compared with 0.079 ± 0.028 rps for nonbubble DNA (n = 9). Bulk observation (17) has also shown that a bubble greatly promotes the reverse gyrase activity. Our results, in addition, demonstrate that reverse gyrase can overwind DNA even at 50°C, albeit slowly, where bulk activity has not been reported. The temperature dependence for bubbled substrates (Fig. 2B, Inset) is moderate and gradual, and it is independent of the position of the bubble. In contrast, we did not observe unidirectional rotation with the nonbubble DNA at 60°C or below. Thermal melting is negligible at 60°C, and an ss region needed for reverse gyrase binding is virtually absent. Even at 71°C, ss regions created by thermal melting should be transient and unstable, and the separated strands may not be long enough for efficient strand passage. A stable bubble would thus warrant a faster reaction.
We show below that the activity of reverse gyrase is highly sensitive to the tension and torsional stress in DNA. The results shown in Figs. 2 and 3 were all under 0.5 pN of tension. Torsional stress is determined by the viscous friction against the rotating bead and is given by πD 3 ηω, where D is the bead diameter, η is the viscosity of water, and ω is the bead rotation speed in radians per second. For the mid-bubble DNA, the stress was 1.8 pN·nm at 71°C (0.36 pN·nm at 50°C), and for the nonbubble DNA, it was 0.62 pN·nm at 71°C. Reverse gyrase worked against this much counteracting torque.
In the absence of the enzyme, we observed only Brownian rotations of the bead, with rms excursions of 290 ± 50°(5 min each for six beads) at 71°C and 290 ± 40°at 50°C (n = 10) for the nonbubble DNA. These values for the DNA contour length of ∼1.4 μm imply a torsional persistence length of 55 nm and are commensurate with the torsional elasticity of B-form DNA (25) . We also note that heating from 50 to 71°C in the absence of reverse gyrase resulted in a clockwise rotation of 3.5 ± 0.7 revolutions (n = 6) as seen at the bottom of Fig. 2B . This finding is consistent with the reported unwinding rate of −0.0105°·°C
covering this temperature range (26) . The presence of a bubble changed these values only slightly (analyzed for the mid-bubble): Fluctuations were 410 ± 40°(n = 4) at 71°C and 290 ± 50°(n = 7) at 50°C, and the thermal unwinding from 50 to 71°C was 4.5 ± 1.2 revolutions (n = 4). The effects of the bubble on the physical properties of DNA appear localized.
Without ATP, reverse gyrase gradually unwound DNA at 71°C, and the unwinding was slowly reversed upon cooling (Fig. 2B , Middle; longer records are shown in Fig. S2 ). Presumably, reverse gyrase binds to where DNA happens to melt, with such occurring in succession because bead rotation keeps the DNA relaxed. In the presence of ATP, in contrast, reverse gyrase continually overwinds DNA, hindering melting and preventing excess binding of reverse gyrase. Indeed, we observed little reverse rotation upon cooling to 50°C (Fig. 2B, Top and Fig. S2 ). As expected, unwinding of circular plasmids in the absence of ATP requires nicking (27) .
Reverse Gyrase Works Processively. To gain insight into the mechanism of strand passage, we focus below on the mid-bubble substrate. The ss region needed for binding and strand passage is well defined and preserved in the bubble, compared with thermally induced binding sites where base pairs are broken and reformed dynamically. The end bubble gave indistinguishable behaviors, but we avoid possible complication due to the nearby bead.
To see whether the observed continuous rotation was effected by successive operations of many reverse gyrase molecules, we decreased the enzyme concentration into the picomolar range (Fig. 3 ). Both at 50°C and 71°C, we did not notice an appreciable difference in rotation behaviors until we went down to 0.1 nM, below which finding a rotating bead became difficult. Those beads that did rotate, however, rotated at speeds indistinguishable from the speed at 10 nM. The implication is that one reverse gyrase stays on the bubble for hundreds of seconds [dissociation rate (k off ) < 10
], introducing many positive turns (>100 on average at least at 71°C) processively. The average speed was 0.24 ± 0.07 rps (n = 20 for all reverse gyrase concentrations) at 71°C and 0.046 ± 0.022 rps (n = 39) at 50°C, which we interpret as the catalytic rate of the bound enzyme under DNA tension of 0.5 pN and counteracting torque of 1.9 pN·nm (71°C) or 0.50 pN·nm (50°C). The rate increases 5.2-fold per 21°C, corresponding to the temperature coefficient Q 10 of 2.2, which is within the range for usual enzymes. To some extent, the rotary rate varied from bead to bead (Fig. 3 A and B) for an unknown reason; however, the concentration dependence argues against the possibility that faster rotations were driven by two or more enzyme molecules.
From Fig. 3D , we estimate the dissociation constant, K d , of reverse gyrase for the bubble to be roughly 30 pM (between 10 and 100 pM) both at 50°C and 71°C. The high affinity is commensurate with the low k off above. At 50°C, some of the rotation time courses appear to be punctuated with pauses on the order of ∼100 s (shorter pauses may also exist at 71°C), although Brownian fluctuations hamper clear distinction. If the pauses are real, reverse gyrase tends to work in a stop-and-go fashion at low temperatures while clinging to the bubble; the pauses are unlikely to represent dissociation and rebinding of the enzyme, because pausing patterns are similar at high-and low-enzyme concentrations and, at 10 pM in particular, rebinding within 100 s would imply too high a binding rate (k on ) exceeding .
Plectoneme Formation by Reverse Gyrase. In the experiments above, torsional stress remained low thanks to bead rotation. To see the effect of torsion, we used horizontal magnets to prevent bead rotation (Fig. 4A) . Overwinding by reverse gyrase would then introduce plectonemes in the DNA, and the bead would sink toward the bottom, as was indeed observed. Formation of plectonemes requires a certain torque that depends on the tension on DNA; thus, we learn how much torque reverse gyrase can generate. This supercoiling experiment was done at 71°C, without the fluorescent daughter beads. We set the sample on the hot stage and waited for temperature equilibration, during which time the beads that would sink (tethered by unnicked DNA) already sank. We first rotated the magnets in the unwinding direction to raise the beads. We selected those beads that rotated around their own axis (i.e., those beads that were above the DNA) (Fig. 4A) . We estimated the bead height (DNA extension) by deliberately defocusing the bead image and measuring the size of the diffraction ring (Fig. S3A) . Because we observed the height rather than the orientation of the bead, fluctuations of the bead did not seriously hamper the analysis; thus, we were able to reduce DNA tension. In fact, we observed bead sinking only at tensions below ∼0.3 pN and none at 0.4 pN. After 30-60 s, we rotated the bead 20 turns at 10 rps in the unwinding direction, which brought the bead back to the original height. Unwinding by 30 turns did not change results. Excess underwinding would be rapidly relaxed by reverse gyrase. In this way, we could repeatedly observe bead sinking for the same bead/DNA pair (Fig. 4A) . Because individual sinking records varied considerably among successive trials, we averaged five to 10 successive runs under the same tension, taking the end of the unwinding maneuver as time 0 (thick cyan lines in Fig. 4B) .
To convert the observed change in DNA extension into the number of overwinding turns introduced by reverse gyrase, we rotated the bead by magnets in small steps in the absence of reverse gyrase (Fig. 4B, Right and Fig. S3) . The results at 71°C are qualitatively similar to the results at room temperature (28) . Starting from a relaxed DNA with m, the imposed number of turns, of zero, the extension z decreases with m initially slowly until a first plectoneme loop is formed. Thereafter, z decreases linearly as additional loops are introduced to keep the torsional stress in DNA constant. The decrease slows down again as z approaches zero, presumably because the DNA beneath serves as a cushion. We use the slope dz/dm in the linear portion (magenta lines in Fig. 4B, Right) to estimate the activity of reverse gyrase. In the sinking curves observed in the presence of reverse gyrase (Fig. 4B, Left) , we would expect, after a small lag for the first several turns, a decrease of z at a constant rate. The initial lag, however, was not discerned because reverse gyrase works fast while the torsional stress is low (see below). We therefore took the initial slope, dz/dt, where t is time, of the average sinking curve (cyan lines in Fig. 4B , Left) as the sinking rate. Division by dz/dm gives dm/dt, the activity in revolutions per second during the plectoneme growth phase. The results at 0.1 nM and 1 nM reverse gyrase are summarized in Fig. 5A Dependence on Tension and Torsional Stress in DNA. We varied tension to obtain Fig. 5A , but torque also varied simultaneously. The torque needed for plectoneme growth can be estimated from the DNA extension vs. rotation curves in Fig. 4B (Right) . Mosconi et al. (28) have shown that their extension-rotation curves under various tension and salt conditions can all be approximated by one simple equation developed by Clauvelin et al. (29) , which reads Γ = 2F(dz/dm)L 0 /3πz 0 , where Γ is the torque for plectoneme growth, F is the tension, dz/dm is the slope in the linear part, L 0 is the contour length of DNA, and z 0 is the extension at m = 0. We take L 0 as 1,400 nm and estimate dz/dm and z 0 from Fig. 4B (Right) and Fig. S3C to obtain Γ. In Fig. 5B , we replot Fig. 5A against Γ. We also include the free rotation result at F = 0.5 pN and Γ = 1.9 pN·nm (orange square in Fig. 5 A and B) . The two panels in Fig. 5 A and B show the same data, where the effects of tension and torque are convolved. Below, we try to differentiate between the two effects. In Fig. 5A, the overwinding rate is zero at 0.4 pN, but tension cannot be the reason why because finite activity is observed at 0.5 pN (orange square in Fig. 5A ). The decisive factor is torque (Fig. 5B) : Reverse gyrase ceases to overwind DNA when opposed by a critical torque Γ c of ∼5 pN·nm. Twisting DNA by one revolution against Γ c would cost 2πΓ c ∼ 30 pN·nm of work, which is only sixfold the thermal energy and one-third to one-fourth of the free energy obtained by hydrolyzing one ATP molecule. This is the maximal work reverse gyrase can do in a productive catalytic cycle.
The activity sharply depends on torque only near Γ c . In Fig.  5B , the activity drops more than an order of magnitude between 3.3 and 4.4 pN·nm, but the torque dependence is quite moderate below 3.3 pN·nm; note that tension must also contribute to the decrease in activity. Then, if we neglect in Fig. 5A the two points at 0.3 and 0.4 pN (4.4 and 5.0 pN·nm of torque), the other four points, including the orange one, would represent, roughly, the tension dependence alone. The four points can be fitted (dashed line in Fig. 5A ) with an Arrhenius dependence, exp(−Fδ/k B T), giving an interaction length δ of ∼32 nm (k B T = 4.7 pN·nm for T = 344 K). The two points at 0.1 and 0.5 pN, in particular, are nearly at the same torque of ∼1.9 pN·nm (Fig. 5B) , suggesting that the fit indeed approximates tension dependence. Tension dependence is continuous, although strong with the large δ, whereas torque impedes only near Γ c and completely blocks net overwinding at Γ c .
Hydrolysis of ATP. To see if overwinding activity is tightly coupled with ATP hydrolysis, we measured the rate of ATP hydrolysis in bulk solution (Fig. 6 and Fig. S4 ). At 71°C, significant hydrolysis occurred without reverse gyrase. Reverse gyrase alone showed little hydrolysis activity, but DNA promoted hydrolysis. The hydrolysis activity with bubbled DNA was 20 s , more than twice the estimated overwinding activity at no load (Fig. 5A) , indicating loose coupling as previously reported (18) .
Discussion
Microscopic imaging and manipulation at the high temperatures are far more difficult than at room temperature. Severe drifts limit precision. The sample must not contain heat-labile components, and, even then, the measurement is a race against thermal deterioration. We have partially solved these problems and shown that reverse gyrase works >10 2 faster than hitherto indicated in bulk assays. In a bulk assay (17) with a 3.1-kbp bubbled plasmid (Lk 0 of ∼300), the product with the highest ΔLk of ∼+10 began to appear by 15 min but not at 7 min, when 4 nM reverse gyrase was mixed with 8 nM DNA at 80°C, indicating an activity of ∼10 turns per 10 min per 0.5 enzyme/DNA, or ∼0.03 rps at 80°C. Our direct observation at 71°C, in contrast, shows that the activity is at least ∼5 rps (Fig. 5A) .
Reverse gyrase sharply slows down as Γ approaches Γ c (Fig. 5B) . In bulk assays with circular DNA, Γ increases as more supercoils are introduced. The bulk result above of ΔLk = 10 implies an Lk density σ of ∼0.03. For this σ, theory (30) predicts a torsional stress of ∼5 pN·nm at no tension (plasmids do not bear tension). This value agrees with our experimental Γ c , explaining why the bulk activity near the end point was so low. There was a sign of a faster phase, but quantification is difficult in gel analyses. In any event, the kinetic features revealed here, quick overwinding at low torsional stress and sharp cessation at a moderate stress, aptly suit the physiological role of reverse gyrase if the demand is to keep DNA slightly overwound to protect, but not overprotect, the genome of hyperthermophiles against thermal denaturation and to restore the protected state quickly after thermal or replication/ transcription-related perturbations.
The rather small Γ c that limits the reverse gyrase activity is as expected if the strand passage mechanism in reverse gyrase is basically the same as the strand passage mechanism in genuine topo IA (5) (Fig. 7 A-E) . In topo IA, strand passage is a passive process relying on thermal fluctuations of the strand and the enzyme. The preference between the two modes of passage (light or dark green in Fig. 7C ) is determined by the overall torsional stress in the DNA; thus, on average, the reaction tends to relax the DNA (Lk approaches Lk 0 ). Reverse gyrase, in contrast, must increase Lk beyond Lk 0 by actively biasing the direction of strand passage. In one proposal (5) for circular DNA, binding of reverse gyrase to DNA induces local DNA unwinding, whereas the rest of DNA is overwound. ATP then allows topoisomerase action on the unwound region to increase the Lk by 1. In this model, correct bias comes from the initial unwinding and the restoring pressure from the overwound region. In our bubbled linear DNA, however, the substrate site is unwound from the beginning and bead rotation cancels overwinding. Wrapping of DNA around reverse gyrase could also provide a bias (12) , but whether it works with a bubble is not clear. Models starting with thermally melted DNA (7, 31) are readily compatible with our bubble results. Bias may originate from binding of the double-stranded (ds) or ss region in a specific manner (7) or by alternation of ss and ds bindings (31). Here, we show a variant of the latter in Fig. 7 F-J, without compelling evidence. The bias comes from base pairing at the ds/ ss junction, as would happen as a reversal of the duplex unwinding shown for the helicase domain (32) . The pairing rotates the ends of the two single strands to bias strand passage correctly. During passage, all four ends of the two single strands are bound to the enzyme to isolate the ss region from the stress in the rest of DNA. After passage, however, the positive twist in the ss region must be exported to the entire DNA. This process is sensitive to the torsional stress in the entire DNA, and it fails when the opposing stress is too high. If the opposing stress exceeds Γ c , the model predicts underwinding, which we indeed observed (Fig. S5) . A priori, the enzyme could work against a high stress if the active bias might somehow accumulate over successive cycles. For the accumulation, all four ends must always be under control and continuously twisted as in a handover-hand fashion, a mechanism not readily conceivable in the known structures of reverse gyrase. Perhaps there is no physiological need for excessive overwinding, which would actually be harmful.
The mechanism above relying on stochastic thermal motions implies loose coupling with ATP hydrolysis, which we indeed observed. Unlocking of the gate by ATP hydrolysis does not necessarily accompany strand passage, and the passage may occasionally occur in the wrong direction. The wrong bias is the norm when exposed to torsional stress exceeding Γ c (Fig. S5) , implying that after reaching Γ c , reverse gyrase would continue vain cycles either forward or backward with equal probability, consuming ATP.
The high tension dependence with the unusually large interaction length δ of ∼32 nm, far exceeding the dimension of reverse gyrase of ∼13 nm (12) , is also consistent with the above mechanism. A large value of ∼10 nm has also been reported for topo IA working on a bubbled DNA (20) . Threading the green strand through the cavity (Fig. 7) would require an extra length compared with the magenta strand. Indeed, topo IA working on a bulged substrate, where one ss arm was much longer than the other, was insensitive to tension (20) . In reverse gyrase, in addition, all four ends of the two strands must be bound for biased passage while the two ss portions are sufficiently slack. Holding four ends likely requires overall bending of the DNA, as in Fig. 7 . Tension thus impedes the operation of reverse gyrase.
Methods
Reverse gyrase was purified from S. tokodaii as described (4) . The bubbled DNA substrates shown in Fig. 1A were prepared as in Fig. S1 , appending multiply biotinylated and digoxigenin-labeled ends. The biotinylated ends were attached to a coverslip modified with biotinylated polyethylene glycol. We attached to the other ends carboxylated superparamagnetic beads (1-μm diameter) coated with antidigoxigenin antibody. For the rotation experiments in Figs. 2 and 3 , we added fluorescent daughter beads (0.2-μm diameter), which we found to bind to the magnetic beads. Assays were made in 50 mM Tris·HCl (pH 7.9 at 23°C) containing 0.1 mM EDTA, 50 mM NaCl, 10 mM MgCl 2 , 5 mM DTT, 5 mM ATP, and 0.001-10 nM reverse gyrase. The beads were observed on an inverted microscope, and images were recorded at 30 Hz. For rapid temperature control, two circulating water baths set at desired temperatures were connected alternately to water channels inside the copper sample holder and copper objective jacket (Fig. 1B) . The magnetic beads were pulled upward with a single neodymium magnet (Fig. 1D ) or a pair of neodymium magnets (Figs. 1C and 4A ). The vertical pulling force F was calibrated by tethering the magnetic bead with 16.5-μm-long λ-phage DNA and measuring at 23°C the amplitude of the Brownian fluctuations of the bead. Bead-sinking assays in Fig. 4 were basically as described by Strick et al. (19) . We estimated the bead height z from the diffraction pattern in the defocused bead image (Fig. S3) . ATP hydrolysis was assayed in the same solution as above by monitoring ADP production with reverse phase chromatography. Detailed materials and methods are presented in SI Methods.
